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ABSTRACT
This review is concerned with the structures and mechanisms of a superfamily
of regulatory GTP hydrolases (G proteins). G proteins include Ras and its close
homologs, translation elongation factors, and heterotrimeric G proteins. These
proteins share a common structural core, exemplified by that 6#pgRas), and
significant sequence identity, suggesting a common evolutionary origin. Three-
dimensional structures of members of the G protein superfamily are considered in
light of other biochemical findings about the function of these proteins. Relation-
ships among G protein structures are discussed, and factors contributing to their
low intrinsic rate of GTP hydrolysis are considered. Comparison of GTP- and
GDP-bound conformations of G proteins reveals how specific contacts between
the y-phosphate of GTP and the switch Il region stabilize potential effector-
binding sites and how GTP hydrolysis results in collapse (or reordering) of these
surfaces. A GTPase-activating protein probably binds to and stabilizes the confor-
mation of its cognate G protein that recognizes the transition state for hydrolysis,
and may insert a catalytic residue into the G protein active site. Inhibitors of
nucleotide release, such as the subunit of a heterotrimeric G protein, bind
selectively to and stabilize the GDP-bound state. Release factors, such as the
translation elongation factor, Ts, also recognize the switch regions and destabi-
lize the Md¢?*-binding site, thereby promoting GDP release. G protein—coupled
receptors are expected to operate by a somewhat different mechanism, given that
the GDP-bound form of many G proteirsubunits does not contain bound ftg
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PERSPECTIVE

G proteins are a superfamily of regulatory GTP hydrolases. Available crystal
structures, which are discussed in detail in this review (see also 1a), demonstrate
that all members of this group share a common structural core, exemplified by
that of p212s (Ras). This structural similarity is reflected in significant sequence
identity, suggesting a common evolutionary origin for these proteins (1, 2).
Unlike efficient catalysts, G proteins form relatively stable complexes with their
substrate, GTP, and product, GDP. G proteins have a conserved recognition
site for guanine nucleotides, although mechanisms of GTP hydrolysis differ
in detail. In all G proteins, binding and hydrolysis of GTP triggers reciprocal
conformational changes within a switch region within the catalytic domain. The
GTP- and GDP-bound complexes define, respectively, the active and inactive
states of a G protein as a regulatory molecule. There are many variations on
this theme. The transition between active and inactive states may be limited by
the intrinsic rate of GTP hydrolysis, or it may be accelerated by the binding of

a GTPase-activating protein (GAPS) or by association of the G protein with a
particular conformational state of its cognate target (effector). Thus, within the
G protein superfamily are found clocks (heterotrimeric G protegubunits),
switches or adapters (Ras and its homologs), and sensors (translation elongation
factors, Tuand G). Guanine nucleotide dissociation inhibitors (GDIs) inhibit the
release of GDP from certain G proteins, whereas guanine nucleotide exchange
or release factors (GEFs) stimulate this process. These factors that control G
protein state may themselves be subject to regulation. The participation of
such accessory molecules expands in scope and intricacy the basic G protein
regulatory paradigm. The mechanisms of G protein activity and regulation
with respect to this paradigm are discussed in relation to the three-dimensional
structures of these molecules.
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Much of our present understanding of the mechanism of G protein action
has come from biochemical and structural, particularly X-ray crystallographic,
investigations. The extent to which three-dimensional structures of G proteins
have illuminated their biochemical and cellular activities is highlighted in this
review. The focus here is on the three most thoroughly studied G protein
groups: Ras and its homologs; the translation elongation factors, Tu and G
(EF-Tu, EF-G); and the subunits (G) of heterotrimeric G proteins. The roles
of these molecules in cellular metabolism and their physiological function in
cells or tissues is not discussed. Instead, questions that bear most directly on
the chemical and conformational mechanisms by which G proteins interact
with their targets and regulators are addressed. How are the structures of G
proteins related? What structural characteristics account for their remarkably
low but physiologically useful rate of GTP turnover? By what mechanisms
do GAPs accelerate GTP hydrolysis? How do GTP and GDP enforce different
conformational states, and how are these states coupled to effector recognition?
How do GDIs (such as thgy subunit of a heterotrimeric G protein) prevent,
or how does a GEF (such as EF-Ts or a heterotrimeric G protein—coupled
receptor) catalyze GDP release, thereby regulating the rate at which G proteins
are interconverted from their basal state to their activated state?

TERTIARY STRUCTURES OF G PROTEINS

The GTPase Fold

At the core of every G protein is a guanine nucleotide-binding domain first de-
scribed at low resolution nearly 20 years ago in the three-dimensional structure
of a proteolytically modified, GDP-bound form of EF-Tu froscherichia
coli (3, 4). Crystallographic analyses at higher resolution (5, 6) revealed a
200-residue domain consisting of a central six-strargistieet surrounded by
a-helices (Figure 1). Structurally, the G protein fold is a variation upon the
classical nucleotide-binding fold (7). The five polypeptide loops that form the
guanine nucleotide-binding site are the most highly conserved elements in this
domain and define the G protein superfamily (Figure 2). The five loops are
designated G-1 through G-5 (Table 1) (2); the primary structures of three of
the loops, G-1, G-3, and G-4, conform to sequence templates (8) that are well
conserved in and diagnostic of EF-Tu, pZ1(5, 9, 10), and G subunits (11).

The diphosphate-binding loop (P-loop or G-1 box) with the consensus se-
guence, GXXXXGK(S/T), connects thgl strand to thexl helix (Figure 1)
and contacts the- andB-phosphates of the guanine nucleotide (Figure 2). The
primary structure of the G1 loop places it within a larger family of phosphate-
binding sequences (12) found in other nucleotide-binding proteins. A DXXG
sequence, G-3, at the N terminus of thzhelix links the subsites for binding
of Mg?* and they-phosphate of GTP. The G1 and G3 sequences correspond,
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Figure 1 A schematic diagram of Ras; switch segments are darkened, secondary structure ele-
ments and G-box (2) regions are labelép The GppCp Mg2+ complex, coordinates taken

from Protein Databank (PDB) entry 5P21 (235). The nonhydrolyzable GTP analog is depicted by a
ball-and-stick model. The single solid sphere represenf&MBottom The GDP complex (PDB

entry 4Q21). All figures were drawn with the computer program Molscript (234).

respectively, tothe Walker A and Walker B boxes (13) found in many nucleotide-
binding proteins, many of which (viz myosin, sugar kinases, transport ATPases,
and ATP synthetases) are not G protein homologs. The guanine ring is recog-
nized, in part, by the conserved NKXD sequence (G-4) that linkg thstrand

and thex4 helix. The connection (G-2) between the helix and thes2 strand
contains a conserved threonine residue involved idMmordination. The G-

5 box, located betweesb and helixe5 with consensus sequence (T/G)(C/S)A,
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G-4: NKXD G-3:DXXG

Figure 2 The guanine nucleotide binding site of Ras in the Gpplg? complex: Side chains of
the highly conserved G-box residues are darkened and labeled with the one-letter amino acid code.

buttresses the guanine base recognition site. The G-box nhomenclature is used
hereafter in the text to refer to elements of the guanine nucleotide-binding site or
residues located within them. Similarly, the term G domain denotes the entire
Ras-like or GTPase domain that is the conserved core in all G proteins. Unless
otherwise noted, stereochemical descriptions are based on the most highly re-
fined X-ray structures available for: human Radg?+ - GppNp (14); Ras

Mg?* - GDP (15); EF-Tu Mg?* - GppNp fromThermus aquaticugl6) and
Thermus thermophilugl7); T. aquaticusEF-Tu- Mg?t - GDP (18a); bovine
transduciny (Gy,) - GTPYS - Mg?t (19) and G, - GDP- Mg?* (20); and the

« subunit of the inhibitory (for adenylyl cyclase) G protein,, @om the rat

(Giw1) - GTPYS- Mg?* (21) and G,1 - GDP (22).

Ras and Its Homologs

Ras, an important regulator of cell proliferation, is an essential component of
signal transduction pathways initiated by receptor-tyrosine kinases. Homologs
of Ras regulate a variety of processes essential for cytoskeletal remodeling,
differentiation, and vesicle transport (see 1, 23—-26 for reviews). As predicted
(5, 10), the guanine-nucleotide binding domain of EF-Tu (Figure 3) proved
to be a good model for the corresponding domain of Ras (27, 28). Most
crystallographic studies of Ras have used a truncated form of hum&i#521
containing the N-terminal 171 (15, 27, 29-31) or 166 residues (14, 28, 32—
34). The truncated Ras proteins possess normal GTPase activity (29, 35).
The structure of the intact 189-residue [§22° indicates that the C-terminal
residues are poorly ordered (30). A series of posttranslational modifications,
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Figure 3 The structure of Elongation Factor Tu frafnaquaticuss shown in the GppNpMg?*-

bound conformation (16) (PDB entry 1IEF ) and in the complex with GDPMg?+ (18a) (PDB

entry 1TUI; M Kjeldgaard, personal communication). Switch regions are labeled, and domains 2
and 3 are highlighted in gray. The nucleotide¥gomplexes are depicted as in Figure 1.

including isoprenylation and carboxymethylation of Cys-186, are required to
localize p21'3s to the plasma membrane (reviewed in 36).

The prototypical G protein, Ras possesses the minimal apparatus necessary
both to catalyze GTP hydrolysis (albeit inefficiently) and to convert the re-
sulting free energy change into a conformational transition that facilitates its
dissociation from effector. A comparison of the R&8DP - Mg?t complex
(15) with the Mg+ complexes of Ras harboring the nonhydrolyzable analogs
GppNp (14) [guanosine g8,y -imido)-triphosphate] or GppCp [guanosine-
5-(8,y-methylene) triphosphate] (30) shows that two regions of Ras change
conformation upon GTP hydrolysis. One of these regions, designated switch |
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(Figure 1), corresponds to the G-2 loop that forms part of thé*Mgnding

site. This segment has been implicated in both effector and Ras-GAP binding
(387) and is therefore called the effector loop (28). The second mobile segment,
called switch Il, encompasses G-3 (which forms the GFphosphate binding

site) and thex2 helix that follows (Figure 1). Structures, even of the same nu-
cleotide complex, determined from different crystal forms show considerable
variation in the conformation of switch Il (30), suggesting that crystal packing
forces caninfluence the structure of Ras in the switch Il region. High resolution
solution structures of the Rasvig®* - GDP complex determined by nuclear
magnetic resonance (NMR) reveal a switch Il conformation slightly different
from those defined in the solid state (38) and also show that both G-1 and
G-3 are flexible on the nanosecond time scale. Thus, the conformation of the
switch regions appears to be inherently unstable, indicating that these structural
elements are malleable.

The molecular architecture of Ras is recapitulated in the structures of other
small G proteins: Rapla, a competitive inhibitor of Ras (determined in the
GppCp form as a complex with the Ras-binding domain of Raf-1) (39);-Ran
GDP- Mg?* (40a); and the ADP-ribosylation factor 1 (ARF-1) complex with
GDP (41, 42). Ran, a 216-residue protein that is involved in nuclear protein
import (see references cited in 40), bears only 12% sequence identity to Ras
but adopts essentially the same tertiary fold. However, the crystal structure
of human Ran GDP - Mg?* determined at 2.3 resolution shows that the
structure terminates in a well-ordergd strand and a C-terminal helix that is
not present in Ras. Further, thé helix is split into two smaller helicest(a
andalb). The effector loop that follows is consequently displaced from the
position it occupies in Ras and adopts an alternative conformation as the short
beta stran@?2g. Antiparallel to strang2, the effector loop forms a beta hairpin
in Ran. Also as a consequence of altered effector loop conformation, the G-2
threonine residue (Table 1) of Ran cannot serve as aft Mgand, as do the
corrresponding residues in Ras. In this respect, the GRIB** complex of
Ran is similar to that of. aquaticu€F-Tu (18a). Also in contrast to Ras, both
switch regions of Ran are well ordered.

The 181-residue ARF-1 protein was originally identified as a cofactor re-
quired for cholera toxin—-mediated ADP ribosylation of daesubunit of the
stimulatory (for adenylyl cyclase) G proteins &13), but more recently has
been shown to be a component of the vesicle budding apparatus in the Golgi
body (44), and a coactivator of phospholipase D (45). ARF-1 cycles from the
cytosolinits GDP Mg?*-bound state to a coatomer-associated protein complex
bound on the vesicle membrane in its GTP-bound state. Structures of human
ARF-1-GDP-M (M = Mg?* or C&*) (41), and the corresponding complex of
rat ARF-1 (42), have been determined at 2.0 andd@solution, respectively.
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The tertiary fold of ARF-1, which is only 11% identical in primary structure
to Ras, differs from the latter in three respects. First, like Ran, the effector
loop of Arf-1 adopts g conformation f2g). Moreover, in all three crystal
forms reported, ARF-1 forms a dimer, in which two molecules associate by
an antiparallel hydrogen-bonding interaction betweergestrands, thereby
forming a continuous 14-strand@dsheet and suggesting a mechanism for ef-
fector engagement (41). In one of the two crystal forms of rat ARF-1 (42),
the antiparallel contacts betweg@g strands at the dimer interface are much
less extensive. Second, in the structure of ARF-1 there is an amphipathic N-
terminale helix thatis not presentin Ras (but is reminiscent of a similar element
in Gi,1). Finally, the DVGG sequence in G-3 of ARF-1 (Table 1) is displaced
two residues relative to the position of the corresponding sequence in Ras, a
difference which, it has been speculated, may account for the very low intrinsic
GTPase activity of ARF-1 (41).

Upon comparing the structures of Ras and its homologs, it becomes clear that
the nucleotider- ands-phosphate recognition loop (G-1) and the guanine base
recognition loop (G-4) are remarkably similar in structure, whereas the Mg
(G-2) and GTP/-phosphate—hinding site (G-3)—the switch regions—differ.

Translation Elongation Factors

The GTP-bound form of EF-Tu delivers aminoacyl-tRNA (AA-tRNA) to a
complementary codon on the ribosome, while EF-G catalyzes translocation of
MRNA by one codon along the ribosome and transfer of the peptidyl-tRNA
from the A to the P site (46). In EF-Tu (Figure 3), the Ras-like (G) domain is
tethered by a flexible linker to a tandem pair of antiparaldédarrel domains
(domains 2 and 3) that each comprise about 90 residues and have a “greek key”
fold (18). Domains 2 and 3 are connected to each other by a short but extended
linker peptide yet are in close contact. The long axes oftharrels of domains

2 and 3 are nearly orthogonal. In the GDRIg>* complex ofE. coli EF-Tu

(18), the G domain is spatially separated from domain 2 but closely associated
with domain 3 (Figure 3yotton). Due to this unusual organization, the protein
contains a large solvent channel bounded by the G domain and domain 2 and
the linker between them. The first crystals of Ehecoli GDP- Mg+ complex

could only be obtained after mild proteolysis, which results in the excision of
the G-2/effector loop, the site at which EF-Tu interacts with the ribosome (47).
Inthe intacfl. aquaticu€F-Tu- GDP complex (Figure 2) (18a), and in an intact
form of E. coli EF-Tu complexed with GDP Mg?* (47b), the effector loop
adopts an extendeglihairpin conformation, similar to that in Ran and ARF-1,
that protrudes into domain 2. The numbering convention used here for EF-Tu
residues refers to thE. coli enzyme. GTP binding drastically changes the
secondary structure of the effector loop and causes a massive and coordinated
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rearrangement of the positions of domains 2 and 3 relative to the G domain,
thereby creating a binding site for AA-tRNA (16, 17), as described in greater
detail below.

The X-ray structure of EF-G has been determined in both the nucleotide-free
(48) and GDP-bound (49) forms at 2.85 and& iesolution, respectively. The
architecture of the first two domains of EF-G is roughly similar to that of EF-Tu,
but EF-G contains three other domains not present in EF-Tu. As in EF-Tu, the
G domain of EF-G is located at the N terminus of the molecule. However, in
contrast to other G proteins, the G domain is expanded by a 90-resigtie
subdomain inserted between hedi® and stran@6. The second domain is a
nine-strande@ barrel, considerably larger than that in EF-Tu. Remarkably,
the placement of domain 2 of EF-G with respect to its G domain is similar to
that in the GTR Mg+ complex of EF-Tu, rather than in the GDP-bound form.
EF-G has no analog to the third domain of EF-Tu but instead possesses three
additional domains, att-8 sandwiches. The third and fifth domains are similar
to each other and resemble the structure of ribosomal protein, S6. Domain 5
occupies a position similar to that of domain 3 in EF-Tu. The fourth domain,
which forms the tip of the molecule furthest from the G domain, contains
an unusual left-handefla8 crossover connection and is similar in structure
to the ribosomal protein S5. The GDP-bound and unliganded structures of
EF-G, which are similar, bear a remarkable resemblance to the complex of
GTP- Mg?*-bound EF-Tu with tRNA (50). The footprint of the three ribosomal
protein—like domains in EF-G is highly reminiscent of the space occupied by
tRNA in the EF-Tu complex. Thus, the GDP-bound form of EF-G may bind
to a ribosomal site similar to that occupied by the GTP-bound form of EF-
Tu/AA-tRNA (see 46, 50, 51 for discussion).

Heterotrimeric G Proteirk Subunits

More than 20 different mammalian G proteirsubunits have been identified,
corresponding to 16 gene products divided into four active mojor clasggs:
Qi(o,g,2) Xq(1114-16), andaiz1 (189). G proteins are activated by cell-surface
receptors of the seven-transmembrane-helix class, which catalyze the exchange
of GDP for GTP in the guanine nucleotide-binding site ofét®ubunit. When
bound to GTP, G subunits can regulate intracellular effectors, such as adenylyl
cyclase, phospholipasesCK+ and C&* channels, and cyclic GMP phospho-
diesterases. In the GDP-bound statg,s8bunits are inhibited by binding to a
heterodimer composed of thg;@nd G, subunits (hereafter referred to £g),

which are released upon receptor-mediated nucleotide exchange (for reviews
see 11, 52-56). The architectures qf @9) and G,; (21) are likely to be
typical of all members of the G protewn subunit family (Figure 4). Relative
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Figure4 Top Gi,1inthe GTB/'S- Mg+ complex (21) (PDB entry 1GIA), with switch segments
darkened and secondary structure elements labeled. (n) and (c) mark the positions at which the
N- and C-termini become ordered in the crystal structure (residues 33 and 343, respectively).
In the GDP complex (22) (PDB entry 1GDD), switches Il and Ill are disordered, whereas the
amino terminus N, from residue 8, and the carboxy terminus C, residue 354, are ordered. The
nucleotide-Md* complexes and a bound sulfate ion are depicted as in Figure 1.

to the core of Ras, Gsubunits are interrupted by four insertions. The largest
of these is interposed between heli and strang82, just N-terminal to the
Mg?*-binding site (G-2). The insertion folds into a six-helix bundle, which
could be viewed as an antiparallel four-helix bundle that is distorted by a kink
in the last helix and terminated by a short helical segment. This helical bun-
dle insertion is in fact an independently folded domain: The corresponding
fragment from G, can be expressed as a recombinant protein (57), associates
with the heterologously expressed G domain gf,@nd possesses an ordered
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three-dimensional structure that is similar to the corresponding domains in in-
tact G,1 and G, (58). The structures of the helical domains qf G&5,1, and

Gg, differ only in the orientation of the second helix and the following interheli-
calloop (B helix and B/C loop). Postulated roles for the helical domain, include
increasing the affinity of GTP binding (19), acting as a tethered intrinsic GAP
(57, 59, 60), and participating in effector recognition (22, 58, 61) (see below).
Two major splice variants of & have been identified (11); the longer of these
contains an additional 13 residues inserted N-terminal to the first helical seg-
ment (helix A) of the helical domain. Other insertions presentdnsBbunits

that are absent in the Ras core include: an Asp/Glu-rich loop extendiggithe
strand—helixx3 connection (and buttressing the helical domain); a 20-residue
extension of thgg5 strand (30 in G ) that folds into a helix¢ G)-loop segment
following G-4; and a short extension of the loop connecting hedixand strand

B6, preceding G-5. In addition, compared to Rasubunits are extended at
their N termini by 26—36 residues that, in,gand G,,, can assume a disordered
conformation or fold into a compact domain or into an extendéelix (see be-

low), suchas seenin ARF-1. Theinterface betweenthe helicaldomainandthe G
domain creates a narrow crevice within which the guanine nucleotide is bound,
although most of the GTP or GDP contacts are made with the five loops of the
G domain.

Most Gx subunits (excludingy) are S-palmitoylated at a cysteine (or cys-
teines) near the amino terminus (62—-64), and othessd, «,, anday) are
N-myristoylated at Gly-2 as well (Met-1 is removed by posttranslational pro-
cessing) (65, 66). These lipid modifications help tethsubunits to the plasma
membrane, juxtaposing them to their cognate receptors and effector targets (63).
Addition and removal of the palmitoyl group appear to be dynamic receptor-
mediated processes that may contribute to recyclingoob&ween the mem-
brane and cytosolic compartments (67, 68; for reviews see 69, 70). Members of
the G, family (excluding G,;) can be ADP-ribosylated by pertussis toxin at a
cysteine residue four residues removed from the C-terminus, thereby inhibiting
interaction with their receptors (2, 11).¢Gand G, can be ADP-ribosylated
at a conserved arginine in the G-2 box (Arg-201 ig JGwhich permits GTP
binding but abolishes GTPase activity (59, 71).

GUANINE NUCLEOTIDE RECOGNITION

In all G proteins studied so far, GTP is bound as a complex with\ghich is
coordinated to one oxygen from tBephosphate and one from thephosphate
(Figure 2). Although nucleotide-free Ras can be prepared (72), many G pro-
teins, including Ras (73, 74) and particularly Gubunits (75), are unstable

in the absence of bound nucleotide. Hence, nucleotide affinities are estimated
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from rates of nucleotide dissociation (76). For Ras, these rates are on the or-
der of 10 and 10° s~* for GDP and GTP, respectively, in the presence of
Mg?* (73). When combined with the rate of association of nucleotide with
Ras apoprotein, these kinetic values correspond to a dissociation constant of
~1071 M. The affinity of EF-Tu T. thermophilusfor GDP and GTP is also in

the nanomolar range (77), with dissociation rates of¥0* and 102, respec-

tively (78); in this case, GDP actually binds more tightly than GTP. Off-rates
of GTP from G, (79) and G,1 (80), determined in the presence of at least mi-
cromolar concentrations of Mg, are less than 1§ s~. Nucleotide binding

to Ras is accompanied by a slow kinetic step that may correspond to a local
folding event (72, 78). Both the and 8 phosphates are required to ensure
tight binding; the affinity of Ras (72) for guanosine and GMP is six orders of
magnitude lower than for GDP or GTP. Similar trends are observed for the G
subunits of heterotrimeric G proteins (81).

The GTP- and M§"-binding sites are tightly coupled. In the absence of
Mg?*, the rate at which GTP dissociates from, @nd G, increases at least
10-fold (79, 82); conversely, at a free Rigconcentration< 100 nM, bound
GTPy S is virtually nondissociable. The same effects ofign GTP binding
are also discussed for Ras (73, 83). In contrast, the degree to whithibig
necessary to support GDP binding is not the same for all G proteins. Ras (83)
and EF-Tu (84) formtight and nearly irreversible GD#g%t complexes; Mgt
binds with micromolar affinity to the RasGDP complex and reduces the GDP
off-rate by four orders of magnitude (85). On the other hand, G proteins such as
Giy, Gox, and G, [but not G,, (86)] bind GDP with lower affinity than they bind
GTP; dissociation rate constants are on the order of $8'. Furthermore, the
GDP complexes of these proteins have little affinity for¥igand in turn, Mg+
has no effect on GDP binding (79). Alli3subunits do not display a (relatively)
low GDP affinity. G, is similar to Ras in its high, Mg -dependent affinity
for GDP (87). G, and Gy, also have some unigue properties: Relatively high
(30 uM) concentrations of GT#S are required for half maximal activity, yet
GDP dissociation rates are unusually slow (88). For the most part, G proteins
that incorporate Mg into the GDP complex bind the nucleoside diphosphate
more tightly than those that do not. Linkage between the ¥iPosphate site
and the Mg* may depend on the rigidity of the switch I/switch Il interface.
As described below, thg-phosphate of the nucleotide reinforces this linkage;
thus, its loss upon hydrolysis may be more destabilizing in some G proteins
than in others. Finally, the disposition of the conserved Asp residue in the G-3
region, which coordinates the Mt through a water molecule in the second
coordination sphere, may be critical. The overall structure of the protein—the
presence or absence of a helical domain to buttress the nucleotide-binding site,
for example—does not appear to be a critical factor. Even though the structures
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of their nucleotide-binding sites are virtually identical, the GDP exchange rate
is about a day for ¢ (86) and on the order of minutes fog,& It is difficult to
provide a structural rationale for the observed differences amgrayBunits in
nucleotide (particularly GDP) affinity. Admittedly, however, these differences
may be quite subtle since the observed differences in binding affinity represent
free energies that differ by only 1-3 kcal/mol.

The residues that bind to the guanosine diphosphate moiety form a rigidly
conserved structural unit common to all G proteins (Figure 2). dhand
B-phosphates of the nucleotide are enfolded by the P-loop (G-1), which offers
four backbone amides as the hydrogen-bond donors to the phosphate oxygen
acceptors. The-phosphate of the nucleotide forms only one or two hydro-
gen bonds, which perhaps explains why GMP binds relatively weakly. The
unusual and highly specialized conformation of the P-loop is facilitated by two
conserved Gly residues (amino acids 10 and 15 in Ras) (Table 1) that adopt
main-chain torsional angles that are sterically unfavorable for all residues but
Gly. Nevertheless, the P-loop is rigid in both the crystal structures of G proteins
and the solution structure of Ras (38) and does not participate in any of the con-
formational changes that occur upon GTP hydrolysis. Many of the mutations
at Gly-12 that reduce the hydrolytic activity of Ras (23, 33) do not perturb the
conformation of the P-loop itself (31, 33, 89). The K and (S or T) side chains
of the P-loop are critical. The Lys residue bridges fhieand y-phosphates;
absence of this side chain in EF-G (49) may account for its comparatively
low affinity for GTP and GDP (77). The hydroxyl of the Ser (or Thr) helps
coordinate Md" (see below).

The M¢**- andy -phosphate—binding sites converge at the two most plastic
regions of the G domain, G-2 (effector loop, switch I) and G-3 (switch II)
(Figure 2). In GTP complexes, Mg is hexacoordinate, and two of its ligands
are supplied by thg- andy -phosphates. Two more ligands are provided by the
P-loop Ser (or Thr), which donates a hydroxyl group, as does the conserved Thr
in G-2. Water molecules constitute the fifth and sixth ligands to th&M@ne
of these water molecules is coordinated by the conserved Asp in the G-3 motif
andthe otheris hydrogen-bonded taaphosphate oxygen atom. In EF-Tu, the
second water molecule is hydrogen-bonded to an Asp in the extended effector
loop region that follows helix1 but has no counterpart in the other G protein
structures. The-phosphate of GTP forms hydrogen bonds to the main-chain
amide of the conserved Gly in the DXXG sequence (G-3), near the N-terminal
end of the switch Il helix, and to the hydroxyl group and main-chain amide of
the G-1 loop Ser (or Thr), which also helps coordinate théMdn Ras, the
hydroxyl group of Tyr-32 in the switch | region is alsgzaphosphate ligand.
Mutation of the G-2 Ser in G (90) and G2 (91) abolishes GT#S binding
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yet does not disrupt interaction with the cognajesubunits, thereby creating

a dominant-negative phenotype. The Maffinity of the corresponding S47N
mutant in G, is reduced by 10(DM Berman & AG Gilman, unpublished
data). A mutagenic scan of;igenerated many mutations that reduced affinity
for GTPyS but could be rescued to varying degrees by"M0). Many of
these mutations occurred in or near the G-1, G-2, or G-3 sequences, but others
were rather distant from these regions. Indeed, truncation of the C-terminal
14 residues of g, decreases affinity for GDP with little change in that for
GTPyS (92). Studies with (31/Gg, chimeras suggest that truncation abolishes
astable interface between tB&ands 3 strands and a three-residue hydrophobic
surface o5 that contributes to GDP affinity (93). Specific mechanisms could
be postulated to explain these effects; for example, localized perturbation of
helix 5 could destabilize G-5. Itis also likely, however, that mutations that are
more globally disruptive could alter ligand affinity. Since GDP is less tightly
bound by G subunits than GTP, effects of mutations would be more readily
manifested as changes in GDP affinity.

Upon GTP hydrolysis, the-phosphate/M§' scaffold is dismantled. In crys-
tals of Ras (15) (Figure botton), ARF-1 (42), Ran (40a), and EF-Tu (18, 18a,
47b) (Figure 3botton) prepared with GDP and millimolar Mg, the metal
ion coordination sphere has lost thgophosphate anion and the Ser (or Thr) hy-
droxyl from the effector loop. These ligands are replaced by water molecules.
The switch Il helix collapses owing to loss of contact between the conserved
Gly (of G-3) and the/-phosphate; in {3; and G, the Asp in G-3 that polarizes
a water ligand of the M is also displaced. It is perhaps for this reason that
these G subunits have less affinity for Mg in the GDP-bound state than Ras.
ARF-1 also appears to have low affinity for Rgin the GDP-bound state. In
the structure of rat ARF-1 (42), only five ligands are directly coordinated to
Mg?*. All of these are water molecules, with the exception of the G-1 Thr
hydroxyl group and an oxygen atom from tigephosphate. Due to a two-
residue shift (relative to Ras) in the position of the G-3 DXXG sequence, the
conserved Asp is not a water-mediated¥¥gigand. In contrast, seven ligands
are observed in the metal coordination sphere of human ARF-1 (41), although
it is possible that the identity of the latter is €arather than Mg" (41).

As shown in Figure 2, the first and last residues of the NKXD (G-4) se-
guence specifically hydrogen bond to the guanine ring of the bound nucleotide.
The methylene groups of the Lys side chain in the G-4 motif provides a hy-
drophobic surface that lies over the purine ring; and, in some structures, the
g-amino group of the Lys side chain is hydrogen-bonded with an endocyclic
oxygen atom of the ribose ring (e.g. in EF-Tu and Ras). iin @d G,, this
Lys residue in G-4 forms an ion pair with Asp-150 in the loop preceding the
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aE-helix in the helical domain. The exocyclic keto oxygen at position 6 of
the guanine ring is hydrogen-bonded to a main-chain amide in G-5. Loss of
this interaction, as would occur with binding of an inosine nucleotide, results
in a reduction in affinity of two to three orders of magnitude (94). G proteins
are selective for guanine nucleotides because they discriminate against adenine
nucleotides; in the case of Ras (94) and EF-Tu (78), GTP binds better than
ATP by seven orders of magnitude. The relative lack of affinity for adenine
nucleotides is due not only to loss of a favorable interaction (with Asp-119)
at the 1 position of the adenine ring, but also to the unfavorable juxtaposition
of two hydrogen-bond donors, the exocyclic Nat position 6 of the adenine

ring with the amido group of Asn-116. Mutation of Asp-119 in Ras (95) or
Asp-138 in EF-Tu (96) neatly switches the specificity of the active site from
guanine to xanthosine with the expected changes in activity in vivo (97, 98).
G proteins show much variation in the way they stabilize the purine ring on
the side opposite G-4. In Ras, support comes from Phe-28 near the G-2 box;
but in other G proteins, residues in tl8&-«5 loop serve this function, e.g.
Thr-327 in G,1. In most G protein complexes, the hydroxyl groups of the
ribose ring of the guanine nucleotide form hydrogen bonds with main-chain
carbonyl or side-chain carboxylate groups in residues near the G-2 region but
are otherwise solvent accessible. Consequently, fluorescent probes, such as
2/(3)-0O-(N-methylanthraniloyl) GTP (mant-GTP) (a fluorescent GTP analog)
(72, 99), bind with affinities and are hydrolyzed at rates similar to GTP itself,
indicating that modification of the ribose ring at these positions causes little
perturbation of the three-dimensional structure of the protein (34). iJi G

the ribose projects toward the helical domain but makes no direct contact. Al-
though the helical domain forms one wall of the GTP-binding site, it appears to
provide little binding energy; in fact, the rate of dissociation of GDP frogn G
and G, is much higher than that from Ras, which possesses no helical domain
(see below).

STRUCTURAL CHANGES UPON GTP BINDING:
EFFECTOR RECOGNITION

A G protein uses the binding energy of GTP to stabilize the switch regions
to produce a conformation that permits its association with effector. This en-
ergy is dissipated upon GTP hydrolysis. For Ras apd@units, the overall
structural consequences are not dramatic, except for the changes in the con-
formation and mobility of the effector-binding switch regions. In reciprocal
fashion, the energy derived from the G protein—effector interaction contributes
to the stability of the GTP complex and, in some cases, promotes approach to
the transition state for GTP hydrolysis. In contrast to Ras, GTP hydrolysis in
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EF-Tu triggers massive domain rearrangements; even so, interaction of EF-Tu
with the ribosome is required to generate its catalytically competent state.

Ras-Effector Interactions

In Ras, binding of GTPMg?t maintains the active conformation of the switch

Il and switch | regions as described above (Figurd¢op). GTP hydrolysis
induces an ordered co#> helix transition at the N-terminus of switch Il and
subsequent reorientation of the entir2 helix (for review see 1a and 100),
thereby dismantling the effector-binding site (Figurbedtton). However, even

in the GTP-bound form, switch Il is relatively mobile. Gly-60 in the switch Il
DXXG-maotif is a critical pivot for the reorientation and partial refolding of the
helical region of switch Il (30) because its main-chain amide forms a hydrogen
bond with they-phosphate. A Gly-60 Ala mutation inhibits the GTP-induced
conformational change and reduces the affinity of Ras for its effector, Raf (101).
The corresponding mutations ing(80, 102), G,1 (103), and EF-Tu (104)
have analogous outcomes, confirming that this Gly residue plays a critical role
in all G proteins.

The conformational transition in switch | is manifested in reorientation of
both Tyr-32 and the conserved Kfgligand in the G-2 box, Thr-35, both of
which are ligands to thg-phosphate of GTP. Thus, the conformational changes
in the two switch regions are coupled.

Mutagenic studies have implicated both switch regions of Ras in Ras-GAP
and effector binding (37, 105). One of the effectors of Ras is Raf-1, a Ser/Thr-
directed protein kinase that acts upstream of MEKK in the MAP kinase pathway
(see 106 for review). Raf-1 contains an 80-residue domain (RBD, for Ras-
binding domain) that can be expressed independently and is sufficient for GTP-
dependent binding of Ras. The crystal structure of RBD complexed with the
GppNp- Mg?+ form of Rap1A has recently been determined (39). Rapl1A is
a catalytically inactive (Q61T) cytosolic homolog of Ras that inhibits the Ras-
dependent activation of MAP kinase (107). The primary structures of RaplA
and Ras are identical within the effector loop residues (32—40). As predicted
from mutagenesis studies of Ras (37), the effector loop, in addition to the
following 82-83 strands of Rap1A, forms the entirety of the site recognized by
the RAF-1 RBD. The RBD consists of a tertiary fold that is the structural analog
of ubiquitin (108) and interacts with Rapl, in part, through an antipargdje!
contact, involving the B2 strand of RBD ang82 in Rapl, together with a
single Arg side chain at the C-terminal end of the Al helix of the RBD (39).
Differences in Rap1A/RBD association energy resulting from mutations of
residues in the G-2 region (switch 1) of Rapl are quantitatively correlated with
the extent to which the same mutations in Ras permit residual activation of
MAP kinase in vivo (109). The switch Il region of RaplA, and residues that



656 SPRANG

directly form the GTP recognition site, do not participate in the interaction with
the RBD of Raf-1. Yet switch Il is indirectly involved in recognition because
its conformational change is coupled to that of the switch | effector-binding
loop, as described above (see also 109a, 109b). It may be significant that the
switch Il element remains exposed in the RBD-RaplA complex because it is
the site of many of the mutations that disrupt Ras binding to Ras-GAP (37).
Consequently, Ras-GAP might be able to bind to the RaRds- GTP- Mg?*
complex directly and thereby induce hydrolysis of GTP and the subsequent
release of Raf-1. Indeed, a model for RaRas-GAP interaction based on
the crystal structure of the catalytic domain of pf&¥AP (109c) proposes a
significant role for the switch Il region of Ras in binding to Ras-GAP. Although
much of the mutational data on Ras can be rationalized by the RB&p1A
structure, the locations of intragenic suppression mutations in Raf-1 indicate
that portions of the protein kinase outside of the RBD domain are involved in
the interaction of native Raf-1 with Ra&TP- Mg?*.

The Complex of Elongation Factor Tu with Amino-Acyl tRNA

Binding of GTP to EF-Tu triggers a conformational change in switch Il that is
roughly similar to that in Ras, but the consequences to the global structure of
EF-Tu are far more dramatic (Figure t8p). In this case, the peptide group

of Gly-84 in switch Il flips 180, allowing its amide group to form a hydrogen
bond to they-phosphate of GTP. This induces the amino terminus of the switch
Il helix to unwind and the entire helix to reorient, thereby creating a binding
site for domains 2 and 3. Together, these two domains rotate as a rigid unit by
90, leaving domain 3 packed against the switch Il helix (Figureof). The
interface between these domains is populated by polar and charged residues, as
expected for a dynamic contact surface (17). This movement closes the cavity
between the three domains that is present in the GDP form of the molecule
(Figure 3 botton), and creates a negatively charged cleft between the G domain
and domain 2 that forms the binding site for the acceptor stem aaddbof

the AA-tRNA. Also in the GppNp Mg?* complex of theT. thermophilus

(17) andT. aquaticuq19) factors, the effector loop is transformed fronga
hairpin into an extended strand preceded by two short perpendicular helices.
This transition juxtaposes the conserved G-2 Thr with thé*Mand thereby
contributes to GppNp and Mg binding. The ordered effector loop forms a
part of the cleft that receives the CCA’3tem of AA-tRNA along with a
surface of domain 2 (50). The aminoacylatedesminus of the tRNA binds at

an interface formed by all three domains, with a registration that prevents high-
affinity association of nonacylated tRNAs. The T-stem of the tRNA interacts
with the third domain. Still exposed in the EF-TLAA-tRNA complex is

a conserved region of the effector loop that constitutes part of the ribosomal
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binding site (47). Overall, there is little difference in structure between free
EF-Tu- GppNp- Mg?* and that bound to AA-tRNA. Presumably, therefore, it

is those conformational changes effected by interaction of the binary complex
with the ribosome that stimulate GTP hydrolysis.

Effector Interactions with G Subunits

Unlike Ras and EF-Tu, no crystal structure has yet been determined for the
complex between the subunit of a heterotrimeric G protein and its effector.
Nevertheless, chimeric proteins created frersubunits that interact specifi-
cally with different effectors have identified potential effector-binding sites. In
addition, structures of G; and G, in the GTR/S - Mg?+ (Figure 4,top) and
GDP-bound states (Figure dotton) show how the candidate effector-binding
regions are affected by GTP binding and hydrolysis. After an extensive analy-
sis of G,2/Gs, chimeras, Berlot & Bourne (110) identified three regions within
the G domain of @, that are required for adenylyl cyclase activation. The first
corresponds to the C terminus of ta2 helix, a segment that is encompassed by
switch Il (Figure 3). A second region, also identified by Itoh & Gilman (111),
maps to the loop connecting heti8 to strand35. The third region corresponds

to the loop that connects helipd to strand36. A peptide corresponding to the
latter region in G was also found to activate cGMP phosphodiesterase (PDE)
(112) through its interaction with the C terminus of theubunit of PDE (see 54

for areview). In G,, switch Il (113) and the3 helix with the followinga 3-85

loop are also implicated in GBHFS - Mg?*-dependent binding of PDE(114).
Thus, it appears that roughly the same surfaces pfa@d G,—all located

on the same face of each subunit—are involved in effector recognition, even
though there is nothing to suggest that the effectors themselves are structurally
similar. Recently, Hepler et al (115) demonstrated that Cys-9 and Cys-10 of
Gg, Whether palmitoylated or not, are required for activation of phospholi-
pase CA1, indicating that the N terminus of a,Gubunit may contribute to
recognition of its effector.

Three segments ofi@ (22) and G, (20) undergo substantial rearrangement
upon GTP hydrolysis. These are switch | (the “effector” loop), switch Il (the
loop preceding the:2 helix, and the helix itself), and switch lIll, which com-
prises the loop connecting he®3 to strand85. The latter two correspond to
proposed effector-binding regions. The nature of the conformational change in
Gi,1 is somewhat different from that ing but the three switch regions undergo
rearrangements that are coupled in approximately the same way. When both
molecules are in the GRS - Mg?*-bound state (Figure 49p), basic residues
in helix «2 form ionic interactions with complementary residues in the switch
[l loop. Collapse of the ordered switch Il helix upon GTP hydrolysis, similar
towhatis seenin Ras, severs these contacts. Associated with these changesis a
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small rotation that opens the cleft between the G domain and the helical domain,
slightly increasing accessibility of the GDP-binding site. IiGthe switch

Il and 11l regions simply become disordered (Figurebéftom; in Gy, they
adopt different conformations but are no longer in contact. These structural
changes are perhaps sufficient to account for the observed 70-fold difference
in affinity for PDEy between the GTP- and GDP-bound states gf (514)

and for the 10-fold difference in affinity for adenylyl cyclase between the two
states of G, (56). These rather modest changes in effector affinity suggest that
the switch regions are relatively plastic and that the primary activating effect
of GTP is assisting in their organization. Thus, the driving force for GTP hy-
drolysis is mainly entropic. Remarkably, mutation of Glu-203 in switch Il of
G, (equivalent to position 207 iniGz) to Ala allows the mutant protein in the
GDP-bound state to activate PRE116). The structural basis for this effect

is not obvious because upon GTP binding the mutant exhibits the expected
enhancement in fluorescence of Trp-207 (also in switch II) (see below) that is
characteristic of the wild-type subunit upon GTP binding. Possibly the Glu-
203 Ala mutation alters flexibility of switch Il rather than the landscape of the
effector-binding site in ¢. The three-dimensional structures of Gand G,

also explain two phenomena that have long been associated with the transition
from the GTP- to the GDP-bound statea) @ decrease in amplitude of the
intrinsic fluorescence (82, 117) of Trp-207 (i,%(113); and k) an increased
susceptibility to degradation by trypsin (102, 118, 119). Both effects clearly
arise from the movement of affected residues from a buried environment to the
solvent-exposed milieu.

An unexpected synergy between the switch 1l and switch Il regions and the
N- and C-termini G,1 is revealed by comparing the GDP (22) and GH?
Mg?*-bound (21) conformations. Whereas both switches Il and Il are well
ordered in the GTP-bound state, the N-terminal 32 and C-terminal 10 residues
are disordered (Figure 4op). In the GDP-bound state, the switch Il and IlI
regions are disordered, but residues 8-32 and 344-354 fold into a compact
microdomain. A sulfate ion derived from the crystallization medium—perhaps
mimicking a phosphate ion—helps to organize this domain through interac-
tions with a triad of conserved basic residues (Figuteodton). This refolding
and association of the N and C termini may explain the insensitivity of free
Gi, subunits to pertussis toxin—mediated ADP ribosylation (11). The N ter-
minus of other G proteins may also be a flexible structure that can adopt a
stable structure if offered a suitably complementary surface on which to fold
(see below). In this regard, N-terminal order/disorder transitions, analogous
to those in G,1, may be involved in the transfer of ARF from its membrane-
bound condition in the GTP-bound state to its cytosolic location in the GDP-
bound state. The ¢z - GDP structure holds yet more surprises in the form of
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guaternary contacts between the terminal microdomain of one molecule and a
horseshoe-shaped cavity formed by the helical domain of a second, symmetry-
related molecule. The switch | strand forms part of the contact surface, so
in the crystal, formation of polymers is linked to conformational changes of
the switch elements. The surface area involved in this contact is comparable
to that observed in antibody-antigen interactions. A conformational change
in the loop connectingB and«C in the helical domain (switch V) facilitates

the G,1-Gi,1 contacts. There is some evidence that such quaternary interac-
tions may occur in vivo. Nakamura & Rodbell have reported the presence of
G protein aggregates in hepatocyte membranes that disappear upon activation
of glucagon-responsive receptors (120). Other accounts, @b{cross-links

have been published (121); perhaps the most intriguing is the demonstration
that a 2-azido-ADP-ribosyl group that can be photoactivated can be transferred
from Cys-347 of one ¢ subunit to the amino terminus of a second (122). A
variety of roles for G polymerization/aggregation have been proposed, includ-
ing aggregation/disaggregation mechanisms for G protein—dependent signaling
(123), G, - or receptor-independent mechanisms of nucleotide exchange (22),
and propinquity-priming of G subunits for efficient (serial) coupling to recep-
tors (124). Perhaps the real significance gff@mopolymers, if indeed there

is any, will be found in the context of complexes with cytoskeletal components,
such as actin or tubulin, or with membrane compartments (reviewed in 125),
such as caveoli (126).

MECHANISM OF GTP HYDROLYSIS

Some G proteins, such ag,g are sluggish GTP hydrolases [turnover number
of 3 min~! (11)]; others, such as Ras (0.03 mth (127) and EF-Tu (0.003
min~1) (128), are marginally catalytic. Isotopic labeling shows that, in EF-G
(129), EF-Tu (130), and Ras (131), GTP is hydrolyzed viag2u8echanism—
direct in-line transfer of the’-phosphate from GTP to water, with inversion

of configuration around the phosphate. Attempts have been made to identify
a residue that could serve as a catalytic base to activate water for nucleophilic
attack. For some time, attention was focused on a GIn residue (position 61
in Ras). This side chain resides in the G-3 box (Table 1) and, with a few
exceptions (like EF-G, EF-Tu, and Rap1A) is conserved in most members of
the G protein family. Virtually all mutations at this site in Ras reduce its GTPase
activity 10-fold, prevent response to Ras-GAP, and are oncogenic (132, 133).
Corresponding mutations (at GIn-227) ig, &0, 134, 135) and (at GIn-204) in
Giy1 (21) also abolish GTPase activity. In complexes of Rag, &d G,1 with
nonhydrolyzable GTP analogs, the equivalent Gin is within hydrogen-bonding
distance of the water molecule that is the presumptive nucleophile. This water
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molecule is situated less than 4%0from the y-phosphorus, positioned for
in-line attack, and stabilized by hydrogen bonding both to an oxygen ofthe
phosphate and to the conserved Thr in the G-2 loop. Several of the mutations of
Gly-12 in the P-loop of Ras, which reduce GTPase activity and are oncogenic,
perturb the conformation of GIn-61 or its interaction with the presumed water
nucleophile (33, 89).

The structure of RasGppNp- Mg?+ (14), and the observation that a Q61E
mutation increases the turnover number for GTP hydrolysis (136), supports the
view that water is activated for nucleophilic attack on thphosphate by GIn-

61 and the backbone carbonyl of Thr-35. However, €aval (31) noted that
mutations at position 61 do not alter the position of the bound water molecule
and that GIn (with a pKof ~15, compared to a pKfor ammonia of~5) is

too weak a base to abstract a proton. Free-energy perturbation calculations
(137) also indicate that GIn-61 is unlikely to serve as a general base. Perhaps
most telling is the demonstration that substitution at residue 61 in Ras of a
nitroglutimate, an unnatural amino acid that is isoelectronic and isosteric to Gin,
has no effect on the GTPase activity of Ras (138). Nitroglutimate is expected to
be an even poorer hydrogen acceptor than Gln (with gagilgreater than 17).

Privé et al proposed an alternative role for GIn-61, namely, direct stabilization of
the pentavalent transition state (31). This proposal is supported by the structures
of both G,; and G, complexed to GDP and aluminum fluoride, as described
below. A better candidate than GIn-61 for the general base in Ras has not
emerged [the nearby Glu-63, and its cognate Glu-207;4pn, Bave been ruled

out by mutagenesis (139)]. Valence bond calculations indicate that catalysis
could be substrate-assisted, with thgphosphate of GTP serving as the base
(140). In Ras, pH-activity profiles provide evidence for involvement in the
reaction mechanism of a group with a pKear 3; a sharp transition in the
chemical shift of an enzyme-bouitP implicated the/-phosphate of GTP as

that group (141).

Aluminum fluoride is a strong activator of,Gubunits (142) and binds with
GDP to the active site as a tetracoordinate Al@42, 143) or AIR(OH)~
(144, 145) ion. It was proposed initially that aluminum flouride mimicsjthe
phosphate of GTP. Itis now clear that the bound AtRimics they -phosphate
in its pentavalent transition state during hydrolysis. In the GGDP - AlF,

- Mg?* (at 2.3A resolution) (21) and G - GDP - AlF; - C&* (at 1.7A)

(146) structures (Figure 5), the fluoroaluminate appears in a square planar
configuration, with an oxygen of the GDfPphosphate and a water molecule
serving as the transaxial ligands to complete a tetragonal bipyramid. In this
complex, the carboxamido moiety of GIn-204 (iR, is hydrogen-bonded

to the transaxial water molecule, possibly as an acceptor, and to one of the
periplanar fluorides, as a donor. In this arrangement, GIn-204 is proposed to
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Figure 5 A model of the transition state for;(-catalyzed GTP hydrolysis (derived from the
crystal structure of the GDPAIF~ - Mg+ complex, PDB entry 1GFI). Residues are identified

by the one-letter code; carbon, nitrogen, and oxygen atoms are depicted as white, gray, and black
small spheres, respectively; water molecules are depicted as larger black spheres (as is the axial
ligand of the pentacoordinate-phosphate), phosphorus as larger gray spheres, afd Mga

large gray sphere. P-O bonds of theand g-phosphate groups are darkened. Hydrogen bonds,
and coordination contacts with the Rigare depicted with dashed lines.

polarize and orient the nucleophilic water molecule in the transition state for
hydrolysis (21). A similar configuration is observed ig Gout two alternative
mechanisms have been proposed to explain how GIn assists in the abstraction of
a proton from the nucleophile by the leaving group (137, 140). In one of these
mechanisms, involvement of the imino tautomer of GIn is postulated (146).
Arg-178 (in G-2) of G,1 (174 in G,) coordinates a second fluoride and the
B-phosphate oxygen that forms a ligand to the fluoroaluminate. In the transition
state, Arg-178 is proposed to stabilize the developing negative charge on the
pentavalent phosphate leaving group, thereby facilitating its release (19, 21).
It is for this reason that cholera toxin—catalyzed ADP ribosylation of Arg-174
in Gy, (71) [or the equivalent Arg-201 in & (59)] abolishes GTPase activity
(147), as do mutations of these same residues (21, 60);,in GIn-204 and
Arg-178 do not stabilize the ground state G1%- Mg?* complex: Both are
partially disordered in the G - GTPyS - Mg?+ complex [although Arg-174 is

an ordered ligand of thg- andy -phosphates in the corresponding &ructure

(19)]. Further, in G,1, the Q204L and R178C mutants bind GT®- Mg?*
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normally (21), as does a Q61L mutant of Ras (31). In contrast, both mutations
selectively reduce the affinity of GG for GDP - AIF; - Mg?* (21). Neither
of the proposed catalytic Arg and GIn residues just discussed is completely
conserved in the G protein superfamily.

Unlike G, subunits, neither Ra&SDP- Mg?* (148) nor EF-Tu GDP- Mg?t
(149) binds aluminum fluoride. To the extent that aluminum fluoride is mimetic
of the metastable bipyramidal transition state intermediate, it can not contribute
enough binding energy to stabilize a transition state—like conformation of these
less active GTP hydrolases. It has been suggested that the helical domain of a
G, subunit provides the additional stabilization energy not available to Ras and
EF-Tu. Markby et al (57) have shown that an independently folded fragment of
Gg, that corresponds to the helical domain (and contains Arg-201) is capable
of stimulating the GTPase activity of the remaining G domain fragment. In
Gs, mutation of Lys-278 (in G-4) and Asp-158, for which the corresponding
residues also participate in an interdomain ion pair iy @nd G, abolishes
activation by GDP. Mg?* - AIF; binding, but not GTP'S - Mg?*-simulated
cyclase activation (150). On the other hand,,Gn which both a Arg-174
(Table 1) and a helical domain are present, is no better a GTPase than Ras
(87). However, the relatively weak hydrolytic activity of Gmay arise from
the substitution of the second Gly by a Ser in the conserved (isubunits)
G-1 box GAGES sequence (A Raw & Gilman, unpublished results.)

The structures of the GRS - Mgt and GDP- AIF; - Mg?* complexes
of Gj,; and G, provide strong evidence that at least two side chains must be
reoriented in the catalytic site during the course of catalysis. Decay of flu-
orescence emission of mant-GTP in Ras with a rate constant similar to that
of GTP hydrolysis suggests that conformational changes in the switch regions
are concomitant with bond cleavage or release of inorganic phosphate. The
fluorescent group of mant-GTP interacts with Tyr-32 of G-2 (34), which un-
dergoes a substantial conformation change upon GTP hydrolysis. Given the
slow turnover rates of G proteins, it is reasonable to expect that conformational
rearrangements of the catalytic GIn and Arg residues could correspond to the
rate-limiting step. Attempts have been made to visualize intermediates in this
process using Laue diffraction measurements of Ras crystals containing a caged
GTP that can be activated by flash photolysis (32). More than one conforma-
tional transition may occur along the reaction trajectory for GTP hydrolysis.
The recent discovery, in the crystal structure of the G203A mutant (in G-3) of
Giq1, of a conformational change in the switch Il helix upon GCH® binding
(103), suggests that conformational changes may attend the breakdown of the
bipyramidal intermediate. All of the above structural rearrangements inferred
from crystallographic studies of Gomplexes would be subsumed within the
events assayed by the single turnover rate of GTP hydrolysis.
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The catalytic mechanism of GTP hydrolysis by EF-Tu may be quite different
from that of the other G proteins discussed. In place of Ras GIn-61, EF-Tu
possesses a His that is essential for GTP hydrolysis (152). In the GppNp com-
plex of Ef-Tu (16, 17), His-85 in G-3 and the presumptive water nucleophile,
together with Asp-86, are arrayed in a configuration reminiscent of the catalytic
triad in serine proteases. Even in the GTP-activated state, His-85 would have
to rotate in order to abstract a proton from the nucleophilic water. Rotation
is blocked by a hydrophobic gate (17) between the G-1 and G-2 segments.
Presumably, productive interaction of the EF-TGTP - Mg?+ - AA-tRNA
complex with the ribosome is required to induce a conformational change that
opens the gate.

Fundamental questions remain about the mechanism of GTP hydrolysis.
Most have assumed that the transition state is associative, in which there is
a considerable degree of bond formation betweenythghosphate and the
water nucleophile. Mechanistic studies of nonenzymic model reactions have
led Maegley et al (153) to propose that the GTP hydrolysis reaction proceeds
through a dissociative metaphosphate-like transition state, in which bond cleav-
age of the leaving group is nearly complete and bond formation with the nucle-
ophile has barely occurred. This kind of transition state is characterized by a
loss of negative charge on the phosphoryl group rather than by an accumulation
as would occur in an associative mechanism. In a dissociative mechanism, a G
protein would gain little advantage by trying to stabilize a developing negative
charge on the incipient bipyramidal phosphate atom or by protonating this leav-
ing group in the transition state. Other catalytic strategies are required (see 153
for review). The crystal structure of the GDRIg?t - AIF; complexes do not
provide compelling evidence for one mechanism over the other because the G
proteins seem poised to provide charge stabilization at both the bond-breaking
and bond-forming steps.

MECHANISM OF CATALYTIC RATE
ENHANCEMENT BY GAP

The best-characterized GAPs are those that act upon Ras and its homologs
(154). The p126CAP and neurofibromin (NF-1) proteins accelerate the rate

of Ras-catalyzed GTP hydrolysis by four to five orders of magnitude (155,
156). Mutational analysis of Ras (see 37 for review) indicates that the switch

I and switch 1l regions of Ras interact with Ras-GAPs. Becausg Alirds

tightly to the Ras GDP - Mg?" - GAP complex (157), whereas it fails to
bind or activate RasGDP- Mg?* itself, Ras-GAP probably stabilizes Ras in a
conformation thatis most complementary to the pentacoordinate transition state
ofthey-phosphate during GTP hydrolysis. GAPs could achieve this function by
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providing a catalytic residue that Ras itself lacks, corresponding, for example,
to the Arg-201 presented by the helical domain i 7). Indeed, mutation

of a single conserved Arg residue in NF-1 (157, 158) is sufficient to abolish its
Ras-GAP activity. The three-dimensional structure of the catalytically active,
334-residue domain of the Ras-specific pI26AP (GAP-334) has recently
been determined (109a). The protein fold comprises @amelical bundle
domains. The larger, C-terminal domain contains, in a shallow groove formed
by two helices, many of the residues that are most highly conserved among the
different Ras-specific GAPs. From this structural data, a model was constructed
in which the G-2 and the switch | and Il regions of Ras are docked into a
complementary site within the shallow groove of GAP-334. In this model,
GAP-334 supplies two conserved Arg residues (789 and 903), one or both of
which are proposed to stabilize the transition state for GTP hydrolysis.

The breakpoint-cluster-region homology (BcrH) of the phosphoinositide 3-
kinase (PI3K) p8& subunit possesses a three-dimensional fold that is superfi-
cially similar to that of the C-terminal domain of GAP-334 (158a), although no
similarity in primary structure is evident. The BcrH domain of PI3K belongs
to the family of RhoGAP domains found in proteins with GAP activity for
members of the Rho class of small G proteins (158b). While the BcrH domain
has not been demonstrated to possess GAP activity, it too presents a conserved
residue in a shallow interhelical pocket that is proposed to constitute a potential
Rho binding site (158a).

For certain G subunits, notably & and G,, the cognate effectors, phos-
pholipasesl (159, 160) and the subunit of PGE (161), respectively, act as
GAPs (see 162 for review). Rate enhancements are approximately 100-fold.
Recently, a family of proteins that negatively regulate othgrsGbunits has
been recognized. Collectively called RGS proteins (regulators of G protein
signaling) (163), the first discovered was a protein (Sst2) that promqtes G
inhibition of a yeast pheromone—mediated pathway that signals thréugh
(164). The RGS family now comprises at least 15 mammalian gene products,
including several detected by polymerase chain reaction amplification of rat
brain cDNA (165). All members of the family are characterized by180-
residue RGS core domain that, in turn, is divided into three well-conserved
segments (166). Itis now clear that RGS proteins are GAPs (167-169) that se-
lectively and potently (at least 50-fold acceleration of GTPase activity) activate
members of the (3 and G, classes. RGS4 acts catalytically, witha, for
the interaction with @, - GTP of 2.5uM (170), and binds most tightly to the
GDP- AlF, (168, 170) complex, with an appardfj below 100 nM, suggest-
ing direct stabilization of the transition state conformation gf Ghe Q204L
mutant of G, is not activated by RGS4, but the R178C mutant is stimulated
weakly (167), paralleling the affinity of GDPMg?* - AIF, for the same G,
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mutants (21). Itis possible that RGS actually increases the affinity ofithe G
GTP complex for Mg+, since maximal stimulation is observed even in the
presence of 5 mM EDTA (167). The alternative possibility, that the catalytic
mechanism becomes Mtgindependent, is less likely, since RGS4 stimulation
of the S47N mutant is highly Mg dependent. The complex between RGS4
and GDP- AlF,—bound G,1 has been crystallized (J Tesmer, DM Berman,
AG Gilman & SR Sprang, unpublished results). A preliminary analysis shows
that the RGS domain is comprised exclusivelyoghelices and contacts all
three switch regions of &, locking the structure into a conformation similar
to that observed in the;@ - Mg?t - GDP- AlF; complex. Thus, to a first
approximation, at least thisGGAP stabilizes the conformation of the, &at
recognizes the transition state.

REGULATION OF GUANINE NUCLEOTIDE EXCHANGE

Although GDP dissociates slowly from isolateg Gubunits, it binds almost
irreversibly to Gg, heterotrimers (11). Thereforgy dimers may be regarded
as GDIs. Howevergy subunits can themselves play active roles in signal
transduction (170a, 171), for example, through regulation dfdiannels,
phospholipase g, and certain isoforms of adenylyl cyclase in animal cells,
and activation of the pheromone response pathway in budding yeast (171, 172).
In this context, it is perhaps more accurate to characterize GDP as a
By inhibitor. Thus, G-catalyzed GTP hydrolysis serves a dual function by
shutting off bothgy - and G,-mediated signaling pathways. The mechanism by
which 8y subunits inhibit GDP release from,&hereby rendering reactivation
dependent upon Ginteraction with ligand-activated membrane receptors, is
an interesting example of active site remodeling as discussed below.

By Subunits of Heterotrimeric G Proteins

Five isoforms of8 (173) and ten of (174) have been identified to date. The
isoforms share 50-90% identity in primary structure (172), but the sequences of
y subunits are more diverse (30—-80% identity) (174). Mammaliaabunits

are modified at their C-terminus by the 20-carbon geranylgeranyl moiety or,
in the case ofy; andyy;, the 15-carbon farnesyl moiety (1748y dimers

are thus tethered to the plasma membrane (175). Nonprenyladéderizes

with 8 and the resulting dimers are soluble (176). However, prenylatign of

is required for high-affinity interactions ¢y with G, and adenylyl cyclase
(177). B subunits depend upgnto fold correctly (178-180); the two subunits
cannot be dissociated from each other, except under denaturing conditions
(181). Indeed, a significant conformational change appears to accoripany
association because the Stokes radiyé décreases from 4& to 39 A (181).
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Figure 6 Heterotrimeric G proteif;y» heterodimer (extracted from PDB entry 1GG2). Structural
elements corresponding to the first WD repeat are darkened and labeled. Each beta propeller is
numbered, and thg2 subunit is shaded.

B andy isoforms interact selectively. Thg@ssociategr subunit,y;, which
is expressed exclusively in retinal rod cells, forms a complex W®4tbut not
B2 (‘even thougtB, shares 93% sequence identity wit}) (177, 181, 182)p8.
associates withr, but noty; (38% sequence identity t@) (181, 182). Except
for B1y1, which is expressed only in the retina, several combinationsaid
y subunits can interact with a single, @183) and have similar activities, for
example, in regulation of adenylyl cyclase isoforms (177), phospholipgse C
(184), or K" channels (185).

Three-dimensional structures iy 2 (186) andd1y 1 (187) heterodimers
reveal that the{80-residue)y subunitis highly extended and embedded on one
surface of the toroidgd-subunit (Figure 6). The major, 300-residue C-terminal
domain of theg subunit adopts the so-callgdpropeller fold, a motif that has
been observed in a variety of other proteins (187a), many of which are unre-
lated to members of the JJamily. The g-propeller domain of thgs subunit
is composed of seven repeats of-ai3-residue sequence (188, 189), termed a
WD repeat, that also occurs in a variety of functionally diverse proteins (190),
although not ing-propeller domains generally. Tifepropeller domain of
is formed by a series of seven four-stranded antipargllsheets, arranged
like the blades of a propeller. Each WD repeat gives rise to four antiparallel
strands, in part as previously predicted (190). However, a single WD repeat
does not directly correspond to a single blade; rather, the most variable seg-
ment of each WD repeat, corresponding to its N-terminal portian { see
below), forms the outermost, C-terminal strand of one blade, whereas the con-
served core of the same repeat forms the three innermost strands of the next
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blade. Therefore, a single WD repeat might not form a stably folded struc-
ture. The overall propeller structure gfis closed by juxtaposition of strands
from the first and seventh WD repeats (Figure 4). When the structures of all
seven blades are superimposed, a more detailed consensus emegrges; X
[GHX3_5PX,dX D Xs5_gPo(S/IT)(G/A)X3D X4WD], where X is any residue,

® denotes a hydrophobic residue, and parentheses enclose alternate possibili-
ties (186, 187). Conserved hydrophobic residues contribute to the hydrophobic
packing interactions between blades. The amino-proximal Asp is the only in-
variant residue in the motif; it stabilizes a five-residue loop between the second
and third strands of each blade and participates in a hydrogen-bonded tetrad
with the His, Ser (or Thr), and Trp residues where conserved.

The y subunit in thedy dimer is composed of two helical segments joined
by a loop and has essentially no tertiary structure. The N-terminal helix of
y engages the N-terminal helix gf as a coiled-coil, as previously predicted
(191, 192). The second helix i overlays the fifth and sixth blades gf the
C-terminal loop ofy is buried, in part, in a hydrophobic pocket on the surface
of B. The positions of direct (193) or chemically mediated intersubunit Cys
cross-links (194) reflect proximity between the interhelical segment afid
a segment off that lies between its N-terminal helix and its first WD repeat,
as also observed in the crystal structures. Mutagenesis experiments show that
the coiled-coil contact is required to stabilize the dimer (192), even though
peptides corresponding to the amino terminifoindy do not associate in
solution (195).8 subunits show most variation in their N-terminal sequences,
but these residues do not appear to confer selectivity for partiguksaforms
(182). Experiments with chimeric molecules show that segments corresponding
to the fifth and sixth WD repeats (196, 197), and the second helical segment
in ¥ (198), may encode the elements of selectivity. In remarkable agreement
with the structural data (187), site-directed mutagenesis identifies Phey40 in
as a determinant for its specific interaction with(199).

Three-dimensional structures of heterotrimeric complexes (lacking all lipid
modifications) of G181y (186) andB;y:1 with a G,/Gj,1 chimera (in which
residues 216-294 of Gwere replaced with the corresponding residues 220—
298 of G,1) (212) show two major sites of contact betweere®dg, (Figure 7).

In contrast to the ¢3; - GDP complex, in which residues 8—-30 form a compact
microdomain with the C terminus, in the,&, heterotrimer, the N-terminal 30
residues of G unfold to an extended helix that docks along the side of the first
propeller blade (WD 1 and 2) ¢f (Figure 5). This contact, which buries about
900A2 of solvent-accessible surface, contributes substantially to the interaction;
indeed, truncation of the N terminus 0f, 3118, 200), G, (201, 202), G,1

(201, 202), and & (203) abrogates their ability to birgl,. Likewise, deletion

of residues 7-10 (Glu-Glu-Arg, which is well conserved in the f@mily),



668 SPRANG

i

Figure 7 The G,1B1y2 heterotrimer (186) (PDB entry 1GG2); the complex is shown with the
proposed plasmamembrane binding surface (212) oriented toward a model of the membrane bilayer.
The geranylgeranyl (gg) group linked to thresubunit and the palmitoyl group (p) linked tq,G

are depicted with wavy lines. Surfaces of the heterotrimer that are proposed to contact cytoplasmic
polypeptide loops of the receptor (not shown) are darkened and labeled, and the switch regions
of the G,1 subunit are shaded gray and labeled. Bhg; dimer is also shaded. Bound GDP is
shown as a ball-and-stick model.

but curiously, not substitution by GIn-GIn-GIn, prevents interaction \gith

These three residues are not well ordered in the heterotrimer structures and do
not appear to contribute substantially to the intersubunit contagts, G,

and Gy, can be phosphorylated by protein kinase C (PKC) both in vitro and

in cultured cells (see 204, 205, and references therein). This phosphorylation
is inhibited by 8y; conversely, G subunits phosphorylated by PKC fail to
bind 8y. The PKC phosphorylation site is located near the N terminus and
probably corresponds to Ser-16 iR, because this residue is both conserved
among the G subunits isoforms that are PKC substrates and is surrounded
with basic residues in keeping with the PKC phosphorylation site consensus.
Ser-16 is located in the-helix that forms part of the interface with thé

dimer. These observations suggest a physical basis for possible PKC-mediated
down-regulation of certain Gisoforms.

N-terminal myristoylation of ¢ and G,, (206) is required for high-affinity
binding to 8y subunits (207, 208), but its role in the interaction cannot be
discerned from the current structures because greuBunit in the heterotrimers
lacks this modification. The C terminuspfind the N terminus af are located
within 15 A of each other, suggesting thatsubunit prenyl group and the,G



G PROTEIN STRUCTURES 669

subunit myristoyl and/or palmitoyl (69) groups penetrate the plasma membrane
at the same locus. It has been reported thagti@®eracts directly withy,, but

not y;, in the absence gf subunits, and that the discriminatory residues lie
within the N terminus of the, subunit (209, 210). However, neither of the
heterotrimer structures shows any evidence for signifieaptcontacts. It is
possible thaty prenylation, which enhancesy complex formation (209),
stabilizes intersubunit interactions that are not detected in the structures of the
unmodified heterotrimers.

By subunits prevent dissociation of GDP frorp @nd directly compete with
effector binding by direct contacts with the N terminus (115) and switch |1 (110)
of G,. Six of the seven WD repeats(mostly involving the BC and DA loops
of each blade of th@ propeller) contribute to this surface, which buries about
1800A2 of solvent-accessible area. i, the largely hydrophobic interaction
is centered around Trp-99. Mutation of the corresponding Trp-136 to glycine
in the 8 subunit ofSaccharomyces cerevisié#l 1) results in constitutive acti-
vation of the mating response pathway, as expected if the interaction between
G, andBy has been disrupted. The Glu-36¥ Lys suppressor mutation in
yeast G (corresponding to GIn-184 in switch | ofi{ is proposed to act by
forming a new ion pair with Asp-133 in yeagt(212). Also consistent with
the crystal structure is the ability of 1,6-bismaleimidohexane to cross-link Cys-
215 of Gy, to both Cys-204 and Cys-271 in the fourth and sixth WD repeats
of B1, respectively (194, 213). Thgy contact protects all but one (the loop
connecting the second and third WD repeats) of the trypsin-sensitive sites of
B. Trypsin cleavage of the heterodimer at this site leaves a 27gBerived
fragment that retains the ability to bind tq(214).

The conformation of the switch Il region is the same in both heterotrimer
structures (186, 212) but quite different from that observed in either the GDP
- Mg?*- (20), GDP- (22), or GTPS - Mg?*-bound (19, 21) forms of the G
subunits (Figure 3). It appears théay remodels switch I, which otherwise
adopts a completely disordered state in uncomplexgd-GDP subunits. In
the 8y -bound conformation of (3;, both switch | and switch Il—the Mg and
GTP y-phosphate binding sites—are dismantled, and a new ion pair between
Arg-178 (G-2) and Glu-43 (G-3) traps GDP in its binding pocket (186). Re-
lease of GDP and its replacement by GTP triggers the dissociatiop b
By. However, mutation of Gly-226 to Ala in & blocks the GTP-dependent
conformational change that effegds release (80, 102). The corresponding
mutation in G,1 [G203A (103)] has been exploited to develop an affinity reagent
for the purification of solublegy subunits (176). Heterotrimers incorporating
G203A G, are virtually identical in structure to those containing wild-type
G,1 (186). Model building suggests that tgemethyl substituent of Ala-203
generates unfavorable steric interactions, such that transition fromthe G
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GTP- By complex to the GTP Mg?*-bound state of free Gis energetically
unfavorable.

A proposal for the mechanism by which small G-protein GDIs act was in-
spired by the structure of bovine brainGDI (214a). This Rab-specific GDI
binds specifically to the GDP-bound form of Rab and appears to be essential for
the recycling of this small G protein between exocytic and endocytic compart-
ments in vitro (214b). The three-dimensional fold of Rab-GDI has remarkable
similarity toa/g proteins of the flavodoxin family. Wu et al (214b) propose that
a small paralleB sheet of GDI docks against ti#& strand of Rab, in a fashion
reminiscent of the RapAdRaf-1RBD complex described above. Whether such
a complex forms, and how it stabilizes the GDP-bound form of Rab, must await
the structure of the complex.

GEFs of the Ras Family

For most G proteins (EF-G is a notable exception), the reactivation step is
catalyzed by a specific GEF that facilitates the release of the tightly bound
GDP and its replacement by GTP. For example, the SOS, CDC25, and Vav
proteins serve as such factors for Ras (158b, 215). These molecules apparently
act by stabilizing the nucleotide-free form of Ras proteins (158b). The structure
of human Mss4, a GEF for the Sec4/Ypt1l/Rab branch of the Ras superfamily,
has been determined by multi-dimensional NMR (215a). The structure of Mss4
comprises an antiparallglsheet; twg-hairpin loops, each containing a CXXC
motif, emanate from opposite ends of the sheet and coordinat&'aid@m.
Chemical shift changes upon formation of the MsB&b3a complex indicated
that the C-terminal Z#t -binding loop, and a neighboring loop arising from the
central region of the sheet, are likely both Rab3a binding sites. It is proposed
that Mss4 binds to a highly conserved (within the Rab class of small G proteins)
region preceding the G-3 box. The mechanism by which Mss4 stabilizes the
nucleotide-free form of Rab3a is not yet apparent, but it is likely that the Ras-
specific GEFs such as SOS and CDC25, which do not contain CXXC motifs,
must bind Ras in a different manner from that proposed for the Rahi3a4
complex.

Like the small G protein GEFs, ligand-activated, heptahelical G protein—
coupled receptors must stabilize the nucleotide-free formofvhich might
be considered the transition state for the nucleotide exchange reaction. Intra-
cellular guanine nucleotide concentrations are sufficient to saturgtergal
the GTP:GDP ratio is sufficiently high to ensure that the GTP-bound species
predominates after a receptor-catalyzed exchange event. The reaction is kinet-
ically irreversible because binding of GTP induces a conformational change
in G, that causes it to be released frggy (186, 212). Becausgy is re-
quired to stabilize the receptorzGnterface (217), after Gdissociates, G
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cannot re-engage the receptor until GTP hydrolysis occurs and a heterotrimer
is reformed. Membrane-proximal residues in the second and third cytoplasmic-
facing loops of G protein—coupled receptors, together with the C-terminal tail
of such receptors, play a role in heterotrimer recognition and in catalysis of
nucleotide exchange (55, 216). Despite the apparent selectivity of some G pro-
tein/receptor pairings (for examplgradrenergic receptors couple only with
Gs, whereas muscarinic receptors interact only withe@d G), the inherent
specificity of heterotrimer/receptor interactions is limited, as shown by the first
reconstitution experiments (208, 218). This inherent limitation is reflected in
the length and sequence diversity of the receptor cytoplasmic loops implicated
in heterotrimer recognition (219). Nevertheless, receptors exhibit preferences
for certain 8y subtypes (220-223), which may be dictated by a C-terminal
region in they subunit (224). Other factors, including cellular compartmen-
tation (125) and synergism betwegp andw subunits (56, 172), may influ-
ence the ultimate specificity of receptor-heterotrimer coupling. Although it is
not surprising that receptor-derived peptides are capable of blocking receptor-
heterotrimer interactions and that they do so synergistically, it is interesting
that a variety of such peptides can catalyze nucleotide exchange (225). Further,
even nonreceptor-derived peptides, such as the wasp venom mastoparans (226),
can act as GEFs for heterotrimers. Most active peptides are short (10—26 amino
acids) and cationic, but they vary in sequence, hydrophobicity, amphiphilic-
ity, and helical content (225). Therefore, peptides either interact at different
sites on the heterotrimer, as suggested by the fact that different peptides can
act synergistically (227), or the exchange mechanism itself does not depend
upon a sequence-specific interaction at the receptor-heterotrimer binding site.
Neither possibility is compatible with a model in which the GDP-binding site
is emptied by disengagement of a discrete molecular latch on the heterotrimer.
In addition to its GEF activity, the receptor must also serve as a chaperone to
stabilize the transient but unstable “empty” state of G

A site (or several sites) on the heterotrimer must contact the receptor (Figure
7). The C-terminus of (zis probably one such region (see 228 for a detailed
discussion). Because C-terminal truncations gfs@bunits reduce their affin-
ity for GDP, it has been proposed that a receptor may act by perturbing the
C-terminal helix to promote release of GDP from its binding pocket (172). The
G-5-containing loop (Table 1) between strgt@land the C-terminal helix«5)
has also been proposed to be a receptor contact site. Peptides corresponding
to this region are potent inhibitors of receptor-mediated nucleotide exchange
(229). Certain mutations within this loop, notably the A366§ &ssociated
with pseudohypoparathyroidism/testotoxicosis, cause an 80-fold increase in the
rate of GDP release (230). Such mutations might, to a degree, simulate the con-
formation of G, induced by the receptor. Cross-linking of @@ adrenergic
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receptor—derived peptide to the N terminus @fi@nd to a site in th@ subunit

(231) also implicates these two regions as potential receptor interaction sites.
When mapped upon the molecular surface of the heterotrimer, the potential re-
ceptor contact regions define an extended and partially interconnected surface
(Figure 5). Lambright et al (212) propose that a relatively flat hydrophobic sur-
face of the heterotrimer formed by the N terminus @f @hd adjacent surfaces

of the 8y subunit contacts the membrane. In the refined structure of the G
B1y2, we have noticed a positively charged region near the N terminug,of G
that could contact the phospholipid headgroups of the lipid surface. With the
heterotrimer so juxtaposed to the membrane, several of the proposed receptor
interaction sites would be accessible to segments of the receptor emerging from
the membrane. Most notable in this model is the negatively charged cavity at
thewi,1/ B interface. Cationic loops or helical regions of the receptor binding

at this site would have clear access to the switch regions and could thus per-
turb the nucleotide-binding site. Simultaneously, receptor sequences interacting
with the G, subunit near the5 andwe4-86 surface could destabilize nucleotide
binding from the “back side” of the nucleotide-binding pocket.

Elongation Factor Ts

The complex of EF-TUEF-Ts (233) may, to some degree, serve as a model for
the mechanism by which G protein—coupled receptors, and GEFs in general,
catalyze nucleotide exchange. EF-Ts recognizes a conformation of EF-Tu that
is similar to the free GDP complex and interposes a Phe residue between His-85
of the switch Il helix and His-118 in the3 helix. This intrusion displaces the

a2 helix, which in turn destroys the Mg-binding site by dislocating the Asp in
G-3. Because GDP is bound tightly only in the presence dfMtpe nucleotide

is able to diffuse away. EF-Ts perturbs guanine ring binding at the NXLD site,
thereby loosening the grip of Tu on the base. EF-Ts also induces a flip in the
peptide bond between Val-20 and Asp-21 that destabilizes GDP, but not GTP,
binding. Some aspects of the EF-Ts mechanism might apply to G protein—
coupled receptors, but the destabilization of the?Mpinding site is unlikely

to be one of them. The Mg site is empty in GDP-bound heterotrimers. In
fact, millimolar Mg?+ concentrations actually cause nucleotide exchange in G
protein heterotrimers (226). On the other hand, Ras GEFs may well employ an
EF-Ts—like mechanism.

SUMMARY

The complex molecular machinery that constisudeG protein regulatory ap-
paratus is focused on the conformation of a single structural element common
to all G proteins: the switch Il helix. This element of chemomechanical energy
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transduction is tensioned in a high energy state by the binding of GTP. In this
state, a G protein binds its cognate target effector. When GTP is hydrolyzed,
energy is dissipated with the collapse of switch Il and the effector is released.
Members of the G protein superfamily that depend upon the action of GAPs in
order to catalyze GTP hydrolysis behave as switches; those, like the translation
elongation factors that hydrolyze GTP only when bound in a ternary complex
to the ribosome and the correct AA-tRNA, act as sensors or proofreaders; fi-
nally, G proteins that rely on their intrinsic catalytic activity become clocks.
The work described above has begun to elucidate some of the mechanisms by
which the rate of GTP hydrolysis is regulated. The challenges that remain for
the future are to discover how the energy of GTP-binding is deployed in effector
recognition, and how G proteins, once the energy of hydrolysis is spent, are
restored to the high-energy, GTP-bound state through the action of nucleotide
exchange factors.
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